In two-stage continuous cultures, at bacterial concentrations, biovolumes, and growth rates similar to values found in Lake Vechten, ingestion rates of heterotrophic nanoflagellates (HNAN) increased from 2.3 bacteria HNAN-' h-' at a growth rate of 0.15 day-' to 9.2 bacteria HNAN-' h-' at a growth rate of 0.65 day-'. On a yeast extract medium with a C/N/P ratio of 100:15:1.2 (Redfield ratio), a mixed bacterial population showed a yield of 18% (C/C) and a specific carbon content of 211 fg of C Fm-3. The HNAN carbon content and yield were estimated at 127 fg of C ,um-3 and 47% (C/C). Although P was not growth limiting, HNAN accelerated the mineralization of PO4-P from dissolved organic matter by 600%. The major mechanism of P remineralization appeared to be direct consumption of bacteria by HNAN. N mineralization was performed mainly (70%) by bacteria but was increased 30% by HNAN. HNAN did not enhance the decomposition of the relatively mineral-rich dissolved organic matter. An accelerated decomposition of organic carbon by protozoa may be restricted to mineral-poor substrates and may be explained mainly by protozoan nutrient regeneration. Growth and grazing in the cultures were compared with methods for in situ estimates.
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Thymidine incorporation by actively growing bacteria yielded an empirical conversion factor of 1.1 x 1018 bacteria per mol of thymidine incorporated into DNA. However, nongrowing bacteria also showed considerable incorporation. Protozoan grazing was found to be accurately measured by uptake of fluorescently labeled bacteria, whereas artificial fluorescent microspheres were not ingested, and selective prokaryotic inhibitors blocked not only bacterial growth but also protozoan grazing.
In the metalimnion of Lake Vechten, thymidine incorporation indicated high bacterial growth rates of up to 0.7 day-1, which coincided with maximum heterotrophic nanoflagellate (HNAN; size, 2 to Bar-Gilissen, Limnol. Oceanogr., in press). Grazing experiments in batch cultures with selectively filtered Lake Vechten water suggested that HNAN have the potential to crop the high bacterial production even at relatively low ingestion rates of about 7 bacteria HNAN-' h-1. Consumption of bacteria by protozoa can accelerate the mineralization of organic matter either directly by consumption of bacteria and small phytoplankton (1, 19) or indirectly by stimulation of bacterial growth (16, 20) .
In batch cultures of Lake Vechten water enriched with autoclaved cyanobacteria, N and especially P mineralization rates were strongly increased by protozoan grazing (Bloem et al., J. Plankton Res., in press). We estimated ingestion rates of between 4 and 96 bacteria HNAN-1 h-1 from decreasing bacterial numbers during exponentiai HNAN growth in batch cultures. However, because the bacterial decrease is relatively small during the period of balanced HNAN growth, the statistics of estimates from dynamic batch cultures are relatively poor (15) . Much more accurate estimates of grazing and mineralization can be obtained with continuous cultures in steady state (11, 19) , which facilitate maintenance of stable low growth rates, small bacterial biovolumes, and low bacterial concentrations, similar to values found in the lake.
In addition to estimates from direct counts of cell numbers in cultures, several methods to estimate in situ protozoan grazing, such as measurement of protozoan uptake of fluorescently labeled bacteria (FLB) (42) or artificial fluorescent microspheres (26, 32) , which can be added as tracers to field samples, have been published recently. Grazing can also be estimated from the disappearance of bacteria after addition of selective procaryotic inhibitors which block bacterial growth (4) .
The aim of this study was to quantify HNAN grazing on bacteria in two-stage continuous cultures at various growth rates and to examine the effect of protozoan grazing on carbon, nitrogen, and phosphorus mineralization rates. Moreover, gross growth efficiencies (yields) as well as C and P contents of bacteria and protozoa were estimated. Protozoan grazing in the cultures was compared with results from procaryotic inhibitor experiments and with uptake of FLB and fluorescent microspheres in subsamples of the cultures. Bacterial production was compared with thymidine incorporation into different macromolecular fractions to obtain an empirical conversion factor needed for in situ estimates (18) .
MATERIALS AND METHODS
Chemical analyses. Total organic carbon was determined with a model 915A TOC analyzer (Beckman Instruments, Inc., Fullerton, Calif.). After filtration through acid-rinsed 0.45-,um-pore-size membrane filters (Millipore HA; Millipore Corp., Bedford, Mass.), dissolved nutrients were determined. Dissolved organic carbon (DOC) was measured with a continuous-flow autoanalyzer (Skalar Analytical, Breda, The Netherlands), which oxidized DOC by UV radiation to CO2. The CO2 was measured colorimetrically at 550 nm with phenolphthalein indicator (39) . Particulate organic carbon (POC) was calculated as TOC minus DOC. With a similar autoanalyzer, P04-P was determined as soluble molybdate-reactive phosphorus (28) . After destruction with a persulfate-sulfuric acid mixture (12) , total phos-phorus and total dissolved phosphorus were determined as molybdate-reactive phosphorus. Dissolved organic phosphorus was calculated as total dissolved phosphorus minus molybdate-reactive phosphorus, and particulate phosphorus was calculated as total phosphorus minus total dissolved phosphorus. Dissolved Kjeldahl N (NH3-N plus dissolved organic nitrogen) was converted to NH3-N as described by Scheiner (38) . NH3-N determinations were based on indophenol formation with sodium salicylate (48) . N03-N was determined by cadmium-copper reduction to N02-N (49) and measured according to the method of Freier (17) .
Counting. Subsamples (10 ml) were fixed with 1% glutaraldehyde (final concentration), and HNAN were stained with primulin and counted directly on membrane filters (Nuclepore Corp., Pleasanton, Calif.) by epifluorescence microscopy (5). For bacteria, the 4,6-diamidino-2-phenylindole technique was used (33) . For biovolume estimates, immediately after fixation 100 organisms per sample were measured by eyepiece micrometer (standard deviation [SD] of duplicates, <20%), and volumes were calculated from length and width, assuming a spherical or cylindrical shape.
Cultures. The principles of two-stage continuous cultures to study grazing of bacteria by protozoa (ciliates) were described by Curds and Cockburn (11) , and the culture vessels were described by Steenbergen (45 40 min, 1-ml subsamples were fixed with 4 ml of cold (5°C) glutaraldehyde at a final concentration of 2%. The HNAN were collected on 1-,um-pore-size Nuclepore filters, mounted on slides with immersion oil, and stored at -30°C (5). By epifluorescence microscopic examination of 100 HNAN per time point sample, the increase in average number of FLB per HNAN with time was determined, and protozoan ingestion rates were calculated by linear regression. Similar uptake experiments were performed with bacterium-sized (about 0.4 ,um in diameter) fluorescent paint particles (grade JST 300, color orange yellow 322; Radiant Color Co.) (26) and with fluorescent microspheres (0.61 Rm in diameter; PolySciences Fluoresbrite carboxylated microspheres). Selective-inhibitor experiments were performed by using a combination of penicillin and streptomycin (Sigma) at final concentrations of 50 mg liter-1 (4) .
RESULTS
Two experiments were performed. In experiment 1, only grazing, not mineralization, was studied. The culture medium consisted of 0.001% (wt/vol) Knop solution (24) liter-' found in Lake Vechten. In experiment 2, 50 mg of yeast extract liter-' was used because higher DOC concentrations were required to measure C mineralization. This medium was applied to approach dissolved complex natural substrates. The molar C/N/P ratio (100:15:1.2) of the medium is similar to the Redfield ratio (47) . In experiment 1, the first stage was inoculated with an unidentified strain of heterotrophic bacteria isolated from Lake Vechten. However, this pure culture did not incorporate thymidine. Because thymidine in- corporation was intended to monitor bacterial production in the cultures, in experiment 2 a grazer-free mixed bacterial population from Lake Vechten that was found to incorporate thymidine was used. The grazer-free bacteria were obtained by sieving lake water through 1-pum-pore-size Nuclepore filters. Ten bottles, each containing 50 ml of filtrate enriched with yeast extract (10 mg * liter-', final concentration), were incubated during 2 weeks. A bottle in which no protozoa were observed by epifluorescence microscopy was used as a grazer-free bacterial inoculum. Monas sp. (about 6 ,um in size), a HNAN isolated from Lake Vechten, was inoculated as a grazer in the second stage.
In experiment 1, a steady state of bacterial numbers was reached within 1 week at a dilution rate of 0.15 day-'. During week 1 the bacterial numbers were similar in both vessels, which indicated that no net growth or mortality occurred in the second stage (Fig. 1 Fig. 1 and 2) .
From the experiments 1 and 2, results were obtained at three growth rates ( Table 1 1. yields calculated from the HNAN biovolume grown per bacterial biovolume consumed (percent by volume) were very high. An overestimated yield may be caused by overestimation of the HNAN biovolume or underestimation of the bacterial biovolume. Since fixed cells were used, the effect of fixation was checked by comparing biovolumes before and after fixation. Living cells were measured by phase contrast, and fixed cells were measured by both phase contrast and epifluorescence microscopy. The bacterial biovolumes had not changed within a few hours after fixation with 1% glutaraldehyde or 5% formaldehyde, although after 1 week a 50% reduction was found. However, the HNAN showed a 50% reduction within a few hours.
In experiment 2, at a dilution rate of 0.027 h-1 during 5-day steady-state periods, C, N, and P concentrations were determined every other day. Figure 3 shows the average concentrations per vessel. Microbial C and P contents, growth yields, and mineralization rates were calculated for each sample separately rather than from the averages and then averaged over time. In the absence of grazers (phase I), (Fig. 3A) . The Fig. 2 and 3A) , a bacterial C content of 29.5 + 1.11 fg of Table 2) . From the HNAN biomass (1.16 ± 0.55 mg of C liter-1) and the bacterial biomass consumed (2.66 + 0.68 mg of C liter-1, calculated from the differences in bacterial POC between vessels 3 and 4), the yield of the HNAN can roughly be estimated at 47 ± 28% (C/C). A similar HNAN yield of 62 ± 24% (P/P) was calculated by using the estimated bacterial and protozoan P contents ( Table 2 ). P contents were estimated at 3.55 fg of P bacterium-1 and 716 fg of P HNAN-', with calculations similar to those used for C.
In the first stages (vessels 1 and 3), most of the dissolved organic phosphorus from the medium was converted to particulate phosphorus, whereas the P04-P concentrations were not increased (Fig. 3B) . Thus, dissolved organic phosphorus was incorporated into bacterial biomass rather than mineralized. In the second stages, no changes occurred without HNAN (vessel 2), whereas in the presence of HNAN (vessel 4) P04-P increased and particulate phosphorus decreased. Thus, significant P mineralization occurred only in the presence of grazers. Most of the dissolved organic nitrogen from the medium disappeared in the first stages (vessels 1 and 3, Fig. 3C ), whereas NH3-N was greatly increased. In the second stages no changes occurred without HNAN (vessel 2), but in the presence of HNAN (vessel 4) NH3-N increased further. N03-N concentrations were the same in all vessels. C was mineralized mainly by bacteria in the first stages at rates of 310 ,ug of C liter-' h-1 (vessels 1 and 3, Fig.  4A ). Some C mineralization (about 30 p.g of C literh-') occurred in the second stages (vessels 2 and 4), but this rate was not significantly increased by HNAN (vessel 4, phase II). The grazers strongly increased the P04-P mineralization rates (Fig. 4B) , from 0.51 + 0.13 to 3.09 ± 0.11 pug of P liter-' h-(n = 3). Also, NH3-N mineralization (Fig. 4C) In subsamples of vessel 4, FLB uptake yielded an ingestion rate of 8.67 ± 0.78 bacteria HNAN-1 h-1 (Fig. 5), which is not significantly different from the calculated rate of 9.16 bacteria HNAN-1 h-1 (Table 1) . Subsamples treated with the procaryotic inhibitors did not show any bacterial decrease in 24 h, whereas in untreated subsamples the bacteria strongly decreased during the first 5 h of incubation, and linear regression yielded an ingestion rate of 9.66 0.67 bacteria HNAN-' h-1 (Fig. 6) . Apparently, the procaryotic inhibitors blocked protozoan grazing completely. This was confirmed by FLB uptake experiments. In the presence of inhibitors no FLB uptake occurred, whereas in the absence of antibiotics an ingestion rate of 8.39 ± 0.97 bacteria HNAN-1 h-1 was found (Fig. 7) .
From the thymidine incorporation by the actively growing bacteria in the first stages of the continuous cultures (Table  3 , vessels 1 and 3) and the calculated bacterial production, an empirical conversion factor of 0.47 x 10" bacteria mol of thymidine-1 was calculated for total incorporation into cold-TCA-insoluble macromolecules. Since 39 to 45% of the label appeared in DNA, for incorporation into DNA a conversion factor of 1.1 x 1018 bacteria mol of thymidine-1 was derived. In the grazed vessel 4, incorporation into DNA was only 6%, and 60% of the label appeared in the RNA fraction, which is twice as high as the percentage in the ungrazed vessels. In all vessels, about 30% of the label was found in proteins. Nongrowing bacteria in vessel 2 showed a relatively high thymidine incorporation into DNA (about 60% of that in vessel 1), whereas subsamples from vessel 2 showed stable bacterial numbers during 24-h incubations. Thus, thymidine incorporation and bacterial growth (cell division) seemed not to be closely coupled.
DISCUSSION
Grazing. The growth rates, biovolumes, and cell concentrations in the two-stage continuous cultures (Table 1) (14) and is similar to minimum Lake Vechten concentrations. Due to the steady state in the continuous cultures, the variability in the calculated ingestion rates was low (SD, <10%; Table 1 ). This does not necessarily mean that the rates are accurate. They might be underestimated if the grazed bacteria were growing, whereas no growth was assumed in the second stages. However, protozoan grazing may stimulate bacterial growth (16) , and therefore thymidine incorporation was measured (Table 3) . Since the nongrowing bacteria in the ungrazed vessel 2 showed an unexpectedly high incorporation into DNA, no firm conclusions can be drawn about growth of the grazed bacteria. The effect of possible growth on the calculated ingestion rates was negligible, however, because the bacterial numbers in vessel 4 were low compared with numbers in the inflow from vessel 3 and because the same ingestion rates were found in FLB uptake experiments. The good agreement between the different methods supports the validity of the FLB method for in situ estimates. In contrast to Sieracki et al. (44) , we found no underestimation of ingestion rates caused by FLB egestion after glutaraldehyde fixation or by FLB digestion. Unlike FLB, fluorescent microspheres were ingested neither by the Monas culture nor in field samples. Microsphere ingestion and fixation effects may depend on the HNAN species and on the type (surface chemistry) and size of the particles used.
The ingestion rates of 2 to 9 bacteria HNAN-' h-1 (Table 1) were found in batch cultures (13, 41) . The low values in the continuous cultures may have been caused, at least in part, by the relatively low growth rates and low bacterial concentrations.
To estimate C and energy fluxes in natural ecosystems, the microbial C content is needed. For bacteria, Norland et al. (29) established a size-dependent conversion factor of 50 to 100 fg of C um-3. With natural-sized Lake Vechten bacteria, we obtained a somewhat higher factor of 211 fg of C um-3, close to the values reported by Bratbak and Dundas (9) and Scavia and Laird (37) . Higher values of 380 to 560 fg of C m-3 have also been reported (7, 23) but were considered to be physiologically unreasonable (21) . Volume-to-carbon conversion factors are strongly influenced by the method used to measure biovolumes and by fixatives which may change biovolumes (9) . In our experiment, soon after fixation the bacterial biovolumes had not changed, but the HNAN had shrunk by about 50%. Similar shrinkage of fixed Monas sp. was also reported by B4rsheim and Bratbak (6) . They proposed conversion factors of 100 (for living cells) and 220 (for fixed cells) fg of C ,um -, in general agreement with the results of Fenchel (13) and our crude estimate of 127 fg of C ,um3 for fixed HNAN ( Table 2) .
The uncertainties in HNAN biovolume estimates may have caused part of the very high biovolume-based yields (Table 1) , although an excessive apparent yield indicates swelling instead of shrinkage of HNAN. However, fixed Oxyrrhis cells showed an initial swelling followed by shrinkage (22) . Moreover, the bacteria showed a 70% higher specific carbon content than did the HNAN (Table 2) , and thus the biovolume-based yield will be 70% higher than the preferable carbon-based yield. In experiment 2, Monas sp. showed a yield of 83% (vol/vol) and 47% (C/C). Similarly, Bratbak (8) found apparent HNAN yields of 70% (vol/vol) and 24% (C/C). Carbon-based yields of 34 and 43% were reported for Ochromonas sp. and Pleuromonas jaculans (13) . For Monas sp., Sherr et al. (41) determined dry-weightbased yields of 25 to 45%. For bacteria we calculated a yield of 18% (C/C), similar to the values of 11 to 27% (C/C) found for marine bacterioplankton growing on complex natural substrates in continuous cultures (3) . However, bacterial yields below 10% and over 50% have been reported and may vary widely with growth conditions (25, 31) .
Mineralization and decomposition. The presence of protozoan grazers greatly increased the remineralization of inorganic P from dissolved organic matter (Fig. 4) . Whether such a stimulation by protozoa is caused directly because of consumption of bacteria and excretion of surplus nutrients or indirectly via stimulation of bacterial activity has been subject to controversy (2, 16, 20) . In systems with living microalgae, bacteria, and protozoa, direct consumption of algae by protozoa caused the bulk of P remineralization, whereas bacteria did not remineralize but competed with algae for P04-P (1, 19) . The mineralization of dissolved organic matter leached from algal cells and detritus is probably mediated by bacteria. However, the active bacteria in the continuous cultures showed only slight net P mineralization (Fig. 4) . Considerable remineralization occurred in vessel 4, where the HNAN consumed 2.19 x 109 bacteria literh-1, containing 3.6 fg of P bacterium-1 (Table  2) . Thus, the protozoa consumed 7.8 ,ug of P liter-' h-1 as bacterial biomass. Since 60% of the consumed P was incorporated in protozoan biomass, the surplus of 3.0 ,ug of P liter-1 h-1 was excreted and can account for all P mineralization in vessel 4. Thus, direct consumption of bacteria by HNAN appeared to be the major mechanism of P remineralization.
The relative importance of protozoa and bacteria as nutrient regenerators in the detrital food web depends largely on the C/N/P ratio of the substrate (10) . If the substrate contains N and P in excess of the amount incorporated in bacterial biomass, the bacteria will function as remineralizers (47) . This was obviously the case with N in our cultures (Fig. 4) . From N-limited batch cultures, Caron et al. (10) concluded that the role of protozoa as remineralizers of a growthlimiting nutrient is maximal when the carbon/nutrient ratio of the substrate is high, i.e., under severe nutrient limitation. However, in our cultures protozoa were the major P remineralizers, whereas the substrate C/P ratio of 83 was not high and P was not limiting. P and N concentrations were relatively high in the medium (Fig. 3) , which had a C/N/P composition similar to the Redfield ratio. With such a medium, bacteria should be C limited and are expected to remineralize P according to the mathematical chemostat model of Thingstad (47) . This model predicts bacterial P remineralization, assuming that the bacterial biomass composition fits the Redfield ratio, with a C/P ratio of about 100. However, a much lower ratio of 21 was calculated (from Table 3 ) for the bacteria in the continuous cultures. Thus, the high bacterial P content, which may be common (19, 47) , prevented bacterial P remineralization, as already suggested by Thingstad (47) . The HNAN showed a C/P ratio of 18, similar to that of their prey, and therefore protozoan consumption of bacteria resulted in a greatly increased P remineralization. Thus, even if P is not growth limiting, HNAN appear to be important remineralizers of inorganic P and may therefore have a significant effect on the primary production and eutrophication of lakes. Protozoa can also enhance the decomposition rates of organic detritus and pollutants, as observed in mineral-poor substrates such as eelgrass, barley hay (16) , and glucose (30) . The substrate in our cultures was not mineral poor, and the rate of organic carbon decomposition was not significantly accelerated by HNAN (Fig. 4) . Sherr et al. (40) found that the decomposition of dinoflagellate cell protoplasm was not accelerated either, whereas the bacterial breakdown of mineral-poor cell walls was significantly enhanced. They concluded that protozoa may selectively facilitate the breakdown of detritus with a high structural carbohydrate and a low mineral content.
Several mechanisms have been suggested by which HNAN may stimulate bacterial activity and organic carbon decomposition (43) . Protozoa can accelerate nutrient regeneration (Fig. 4) and thus the activity of P-and N-limited bacteria. In grazer-free cultures, Sherr et al. (40) stimulated cell wall decomposition by adding inorganic P. A similar stimulation was obtained by periodic removal of bacteria by filtration to simulate cropping by protozoa, which may maintain bacteria in an active metabolic state. However, this cropping effect may have been influenced by cell breakage and nutrient release during the filtration. In our continuous cultures, cropping of bacteria by HNAN did not stimulate C mineralization (Fig. 4) . The observed mineralization of 34 p.g of C liter-' h-1 can largely be explained by consumption of bacteria. The HNAN consumed 65 ,ug of bacterial C liter-' h-1, with a yield of 47% (C/C). Thus, the HNAN could mineralize up to 34 ,ug of C liter-' h-1, assuming a negligible excretion of organic carbon. Taylor et al. (46) found that bacterivorous ciliates contributed quantitatively and qualitatively to the dissolved organic matter pool and suggested that this may stimulate bacterial activity and growth. The DOC pool was not increased significantly by HNAN grazing in vessel 4 (Fig. 3) , although qualitative changes cannot be excluded. Moreover, excreted DOC could have been taken up rapidly by the bacteria.
The specific thymidine incorporation into cold-TCA-insoluble macromolecules indicated that the activity per bacterium was at most twofold higher in the presence of grazers (Table 3) . However, incorporation by nongrowing bacteria in vessel 2 was also high, which suggests that thymidine incorporation does not always indicate growth, although the empirical conversion factor derived for actively growing bacteria in the first stages was similar to the generally accepted value of 1 x 1018 to 2 x 1018 bacteria mol of thymidine' (27, 34) . Robarts et al. (36) speculated that the RNA fraction obtained by the acid-base hydrolysis may represent labeled lipids and other macromolecules. This hypothesis is supported by the twofold-higher incorporation into "RNA" (60%) in subsamples of vessel 4, which probably contained consumed bacterial biomass incorporated by protozoa.
Even if the twofold-higher specific thymidine incorporation into total macromolecules indicated a twofold-higher specific bacterial growth rate, the overall effect on DOC degradation would be negligible because the bacterial numbers were reduced 36-fold by HNAN (Fig. 2) . Such a drastic reduction of bacteria is not an artifact of two-stage continuous cultures with separated production and grazing compartments. It occurred also when HNAN were growing in the first stage. In single continuous cultures, HNAN reduced bacterial numbers 200-fold and also stimulated the degradation of glucose, which was attributed to protozoan P remineralization (30) . Since the relatively mineral-rich substrate in our cultures was not decomposed faster in the presence of HNAN, an accelerated decomposition of organic carbon by protozoa may be restricted to mineral-poor substrates and may be explained mainly by protozoan nutrient regeneration.
